The soil bacterium Bacillus subtilis is capable of synthesizing all proteinogenic amino acids. Besides their function as building blocks for cellular proteins, amino acids represent precursors in the biosynthesis of nucleotides and other cellular components such as cell wall polymers. Amino acid biosynthetic pathways are regulated on the level of enzyme activity as well as on the level of enzyme synthesis to ensure cellular adaptation to various requirements for amino acids under different growth conditions.
The expression of many amino acid biosynthetic genes in B. subtilis is controlled by transcription antitermination mechanisms: the ilv-leu operon (15, 27) , the cysES operon (14) , and the proBA operon (3) belong to the T-box family, which includes most of the aminoacyl-tRNA synthetase genes (17, 31) . These genes are regulated by tRNA-mediated antitermination in response to starvation for a particular amino acid (16) . The genes of the S-box regulon are controlled by a transcription antitermination system in response to methionine availability (18) . The S-box-specific leader region elements were identified in 11 transcriptional units in the B. subtilis genome, whereby the majority of the 26 gene products fulfills functions in sulfate assimilation and methionine biosynthesis (18, 26, 29) . Regulation of tryptophan biosynthetic genes by transcription attenuation and translation control mechanisms is mediated by the RNA binding protein TRAP as well as by a T-box-dependent regulatory mechanism (reviewed in reference 1). Expression of the lysC gene encoding the lysine feedback-controlled aspartokinase II (30) is regulated by lysine availability via an antitermination system, too (20) . In B. subtilis, the arginine biosynthetic operons are repressed by the AhrC regulatory protein, which is activated in the presence arginine (6, 37) .
In this study we report on the gene expression profile of B. subtilis exponentially grown in minimal medium with and without 0.2% Casamino Acids (CAA), thereby providing an insight into the response of B. subtilis to different amino acid availabilities. The genes which were differentially expressed under the two growth conditions included those for amino acid biosynthesis, sporulation, and competence development.
Characterization of the proteome under conditions of different amino acid availability. The B. subtilis 168 strain was cultivated aerobically at 37°C in a minimal medium (pH 7.5) containing 50 mM Tris, 8 mM MgSO 4 , 13 mM KCl, 18 mM NaCl, 0.6 mM KH 2 PO 4 , 2 mM CaCl 2 , 0.001 mM FeSO 4 , 0.01 mM MnSO 4 , 10 mM glutamine, 0.2% (wt/vol) glucose, and 0.8 mM tryptophan. Cells were grown in the presence or absence of 0.2% CAA (vitamin free; Difco, Detroit, Mich.) and harvested in the exponential growth phase after reaching an optical density at 500 nm of 0.5. Compared to the cultures in minimal medium (G ϭ 45 min), shorter generation times (G ϭ 25 min) were observed for the cultures in CAA-containing minimal medium (see Fig. 2 ). Preparation of protein extracts and two-dimensional protein gel electrophoresis were performed as previously described (2) . About 65 protein spots present on the control gel in the pH range of 4 to 7 decreased in intensity or were completely absent when the medium was supplemented with CAA (Fig. 1A) . In addition, narrow pH gradient gels were utilized in the pH range of 4.5 to 5.5, which allows for a better resolution of the most overcrowded region of the pH 4 to 7 gels (Fig. 1B) . Altogether, 58 protein spots representing 50 different proteins downregulated by CAA (Table 1) were identified by means of matrix-assisted laser desorption ionization-time of flight mass spectrometry as previously described (2) .
Of these 50 proteins, 35 represented amino acid biosynthetic FIG. 1. Dual-channel image analysis of two-dimensional protein patterns of B. subtilis 168 exponentially grown in minimal medium and minimal medium supplemented with 0.2% CAA. Cytosolic protein extracts were separated by two-dimensional gel electrophoresis in the pH gradient of 4 to 7 (A) and in the pH gradient of 4.5 to 5.5 (B). Dual-channel images of the silver-stained gels were created by computer-aided transformation of the gel images by using the software DECODON Delta2D (DECODON GmbH, Greifswald, Germany). Red spots represent proteins whose synthesis was decreased in the presence of CAA.
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enzymes involved in the synthesis of lysine, methionine, threonine, arginine, cysteine, histidine, leucine, isoleucine, and valine. Furthermore, the sporulation proteins SpoIVA, SpoOA, and TasA, the serine protein kinase PrkA, the proteins Dat and GcvT involved in metabolism of amino acids, and 9 proteins with still-unknown functions (Y-proteins) were identified to be downregulated by addition of CAA.
Analysis of the transcriptome under conditions of differentamino acid availability. B. subtilis strain 168 was cultivated in the described minimal medium with and without 0.2% CAA. Total RNA was isolated from exponentially growing cells (optical density at 500 nm of 0.5) and was checked by Northern blot analysis (data not shown). Cell harvesting, preparation of RNA, and macroarray analysis with Panorama B. subtilis gene arrays and specific cDNA labeling primers (Sigma-Genosys, The Woodlands, Tex.) were performed as described by Eymann et al. (10) . Two macroarray experiments were carried out by using independently isolated RNA preparations and different array batches. Quantification of hybridization signals, background subtraction, and calculation of normalized intensity values of the individual spots were performed with the ArrayVision software (version 5.1; Imaging Research, St. Catherines, Ontario, Canada) as described by Eymann et al. (10) . Expression level ratios of three or more in both independent experiments were considered significant. Final evaluation of the macroarray data included the consideration of putative operons derived from the genome sequence, using the SubtiList database (http://genolist.pasteur.fr/SubtiList/) as well as previously known transcriptional units.
Scatter plots comparing the normalized intensity values revealed that mRNA levels of the majority of genes did not differ significantly between both growth conditions, whereas about 100 genes were expressed at a level more than threefold higher in minimal medium without CAA (data not shown). According to the criteria specified in the footnote to Table 1 , altogether 114 genes showed significantly elevated expression levels. Of these genes, most encode proteins with functions in amino acid biosynthesis (42 genes), transition state processes and sporulation (32 genes), and competence (8 genes). The patterns of CAA-regulated genes found by the proteomic and transcriptomic approaches were similar, whereby about 50% of the differentially expressed genes could be detected in the proteome analysis. Interestingly, only three genes (guaC, purK, and yxjA) involved in nucleotide metabolism and transport were expressed at a significantly higher level during growth in CAA-containing medium.
At the mRNA level, 16 transcriptional units involved in amino acid biosynthesis were identified to be significantly downregulated by CAA (Table 1) . Previous studies suggested regulation by amino acid availability for the operons argCJBDcarAB-argF, argGH (37) , hom-thrCB (40) , and ilvBHCleuABCD (15) , the lysC gene (20) , and also the S-box-regulated transcriptional units cysHP-sat-cysC-ylnDEF, yjcIJ, yoaDCB, ykrWXYZ, ykrTS, metE, yitJ, and yxjG. In this study, of the 11 transcriptional units potentially belonging to the S box regulon (18) the 8 mentioned above were expressed at a significantly lower level in CAA-containing medium. Of the approximately 50 B. subtilis genes involved in amino acid transport, only the yqiXYZ operon encoding an amino acid ABC transport system (33) and the monocistronic-transcribed yodF gene encoding a putative proline permease showed significantly different expression levels in response to amino acid availability. Like the argCJBD-carAB-argF and argGH operons, the yqiXYZ operon is preceded by an AhrC recognition site (25) . As a further result of the transcriptome study, addition of 0.2% CAA did not affect expression of glycine, serine, proline, tyrosine, and phenylalanine biosynthetic genes. Glutamine and tryptophan biosynthesis was not expected to be regulated under the conditions compared in this study because of the presence of these amino acids in both cultivation media.
A second group of genes expressed at a significantly higher level during growth in the absence of CAA encodes proteins with functions in competence development. This group includes the comK gene encoding the competence transcription factor that activates the genes involved in DNA binding and uptake (reviewed in reference 8). Furthermore, nearly the complete comG operon (4) shared the same expression pattern. The srfA operon also involved in competence regulation exhibited an approximately twofold increased mRNA level. These results are in agreement with previous observations that competence is repressed by the addition of CAA during exponential growth of B. subtilis in minimal medium (35) .
As shown in Table 1 , many B. subtilis genes that encode products with functions in transient-phase adaptation and sporulation exhibited significantly higher mRNA levels in minimal medium without CAA. Among these genes were the Spo0A dependently regulated operons appDFABC (21, 22) , qcrABC (41) , and ywcI-sacT (11) . The phosphorylated response regulator Spo0A activates transcription of many sporulation genes and negatively regulates genes preventing sporulation, such as abrB (19) . The abrB gene encodes a repressor of early-stationary-phase and sporulation genes, including the sigH gene. Thus, by repressing abrB transcription Spo0A-P stimulates synthesis of H and thereby enhances its own transcription. Besides spo0A itself, the H -dependently transcribed genes tasA (34, 38) , spoVG, and yvyD were upregulated in the absence of CAA. Most of the sporulation genes significantly upregulated in the absence of CAA belong to the E regulon (U. Völker, personal communication), which comprises earlymother-cell-specific genes.
Sporulation frequency in response to amino acid availability. Sporulation genes were shown to be regulated in response to amino acid availability during exponential growth of B. subtilis. To verify the physiological relevance of the proteome and transcriptome data, sporulation frequencies were determined at several time points during growth of B. subtilis in the described minimal medium with and without CAA. The cultures grown under the two different conditions were inoculated with the same preculture. As shown in Fig. 2 , the sporulation frequency of the minimal medium culture without CAA increased continuously up to 14 h after inoculation, whereas addition of CAA almost completely prevented the appearance of spores at least up to 14 h after inoculation. These data confirmed that a significantly lower amount of the population enters the sporulation process during exponential growth in the presence of CAA.
Concluding remarks. Several adaptive processes are involved in the response of B. subtilis to growth-limiting levels of nutrients. As revealed by this study, expression of sporulation and competence genes is affected by amino acid availability In agreement with these results, Cosby and Zuber (5) described a negative effect of amino acids on expression of earlystage sporulation genes. They reported that addition of CAA to minimal medium affects sigH expression as well as Hdependent transcription. The alternative factor H is required for the transcription of early-stationary-phase and sporulation genes and represents the first factor in a gene expression cascade resulting in spore formation (23) . As reported by Eymann et al. (9) , a few H -dependent genes (spo0A, spoVG, yvyD, and ytxGHI) are induced in response to amino acid starvation in a RelA-dependent manner. It was shown earlier that a relA mutant sporulates less effectively than the wild type after a shift down from CAA-containing medium to medium without CAA (24) . The ribosome-bound ppGpp synthetase RelA is activated by uncharged tRNAs or by glucose starvation. Increased ppGpp levels mediate the stringent control which allows adaptation of cell growth to the present nutrient conditions. Cells growing in minimal medium might be partially starved for amino acids, which possibly elevates the basal ppGpp level. In this study, higher expression of the Hdependent genes yvyD, spo0A, spoVG, and tasA in minimal medium without CAA was shown during exponential growth. It is interesting that almost the same H -dependent genes which are induced in a RelA-dependent manner in aminoacid-starved cells were expressed at significantly higher levels during growth in minimal medium without CAA. In B. subtilis the CodY regulator mediates amino acid repression of several genes involved in nitrogen metabolism (7, 12, 13, 36, 39) as well as competence development (35) , motility (28) , and sporulation. Recently, Ratnayake-Lecamwasam et al. (32) reported that CodY represents a GTP-sensing protein and functions as a repressor under conditions of high GTP levels. They suggested that the stringent response might be involved in the inactivation of the CodY regulator by decreasing the cellular GTP pool. As spo0A is repressed by CodY (32), a decrease in the GTP level might result in enhanced sigH transcription. In the present study, expression of the genes spo0A and comK as well as the srfA operon was shown to be downregulated in CAA-containing medium, whereas most of the other known CodY-dependent genes did not share the same regulatory pattern, indicating the multiple regulation of CodY controlled genes.
FIG. 2. Growth curve (closed symbols) and sporulation frequencies
(open symbols) of B. subtilis 168 cultivated in minimal medium (circles) and in minimal medium supplemented with 0.2% CAA (diamonds). The number of spores per milliliter of culture was determined as the number of heat-resistant (80°C for 30 min) CFU on LuriaBertani plates, and the number of viable cells was determined as the total number of CFU (before heat treatment). Sporulation frequencies were defined as the percentage of heat-resistant CFU. Four independent experiments,which gave comparable results, were carried out.
